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The ubiquitin ligase CHIP plays an important role
in cytosolic protein quality control by ubiquitinating
proteins chaperoned by Hsp70/Hsc70 and Hsp90,
thereby targeting such substrate proteins for degra-
dation. We present a 2.91 A˚ resolution structure of
the tetratricopeptide repeat (TPR) domain of CHIP
in complex with the a-helical lid subdomain and un-
structured tail of Hsc70. Surprisingly, the CHIP-TPR
interacts with determinants within both the Hsc70-
lid subdomain and the C-terminal PTIEEVD motif of
the tail, exhibiting an atypical mode of interaction
between chaperones and TPR domains. We demon-
strate that the interaction between CHIP and the
Hsc70-lid subdomain is required for proper ubiq-
uitination of Hsp70/Hsc70 or Hsp70/Hsc70-bound
substrate proteins. Posttranslational modifications
of the Hsc70 lid and tail disrupt key contacts with
the CHIP-TPR and may regulate CHIP-mediated
ubiquitination. Our study shows how CHIP docks
onto Hsp70/Hsc70 and defines a bipartite mode of
interaction between TPR domains and their binding
partners.
INTRODUCTION
The cytosolic chaperones Hsp90, Hsp70, and its constitutively
expressed homolog Hsc70 function in diverse intracellular pro-
cesses. These include client protein folding and conformational
regulation, prevention of protein aggregation, protein transport
and translocation across intracellular membranes, and regula-
tion of client protein signaling (Kim et al., 2013; Li and Buchner,
2013; Mayer and Bukau, 2005; Priya et al., 2013; Ro¨hl et al.,
2013). These chaperones are assisted by diverse cochaperones,
a subset of which contain domains composed of tetratrico-
peptide repeat (TPR) motifs (Allan and Ratajczak, 2011). Each472 Structure 23, 472–482, March 3, 2015 ª2015 Elsevier Ltd All righ34-residue-long TPRmotif forms two antiparallel a helices con-
nected by a short turn (D’Andrea and Regan, 2003). In tandem,
TPRs form superhelical domains with distinct ligand binding
grooves (Allan and Ratajczak, 2011; D’Andrea and Regan,
2003; Zeytuni and Zarivach, 2012).
The TPR domains of CHIP, Hop, cyclophilin-40 (CyP40), and
other cochaperones bind to C-terminal motifs on Hsp70/Hsc70
(PTIEEVD) or Hsp90 (SRMEEVD) through a characteristic two-
carboxylate clamp mode. Both carboxylates of the C-terminal
aspartic acids of these motifs form salt bridges with residues
within the groove of the cochaperone TPR domains (Scheufler
et al., 2000; Wang et al., 2011; Zhang et al., 2005). In addition,
nearby hydrophobic pockets accommodate the aliphatic resi-
dues of the motifs (Zeytuni and Zarivach, 2012). These motifs
lie at the very C termini of Hsp70/Hsc70 andHsp90, following un-
structured tail segments that are 25–35 residues long (Bertelsen
et al., 1999; Boorstein et al., 1994). It is thus thought that the
TPR-domain cochaperones form dynamic tethered complexes
with Hsp70/Hsc70 and Hsp90.
The homodimeric ubiquitin (E3) ligase CHIP (C terminus of
Hsp70 interacting protein) ubiquitinates client proteins bound
to Hsp70/Hsc70 or Hsp90. CHIP-mediated ubiquitination pro-
motes the degradation of chaperone clients, mitigates accumu-
lation of misfolded proteins, and regulates the intracellular levels
of myriad chaperoned proteins (Connell et al., 2001; Cyr et al.,
2002; Demand et al., 2001; Stankiewicz et al., 2010). Upon
recovery from stresses that elevate Hsp70 levels, CHIP also
ubiquitinates client-free Hsp70 to restore resting Hsp70 levels
(Qian et al., 2006). CHIP contains an N-terminal TPR domain
composed of three TPRs and an extended seventh helix that
bridges the TPR domain and a helical dimerization domain
(Zhang et al., 2005). The TPR domains of CHIP dimers bind to
the C-terminal motifs of Hsp70/Hsc70 and Hsp90 (Wang et al.,
2011; Wu et al., 2001; Zhang et al., 2005).
Tethering to chaperones could allow CHIP to access different
ubiquitination sites on diverse chaperone-bound clients. How-
ever, recent studies suggested that some TPR domain-contain-
ing cochaperones interact with sites on Hsp70 or Hsp90
other than the C-terminal motifs (Alvira et al., 2014; Li et al.,
2013; Schmid et al., 2012). We therefore sought a morets reserved
detailed understanding of how CHIP targets chaperone-bound
substrates by characterizing its interaction with Hsp70/Hsc70.
Here, we report that the TPR domain of CHIP interacts not only
with the C-terminal GPTIEEVD motif of Hsp70/Hsc70 but also
with the a-helical lid subdomain of the chaperone. We structur-
ally define this unexpected bipartite binding mode using X-ray
crystallography. Using mutagenesis and in vitro ubiquitination
assays, we show that the Hsp70-lid:CHIP-TPR interaction is
functionally required for efficient ubiquitination of Hsp70/Hsc70
or Hsp70/Hsc70-bound clients. Moreover, we find that post-
translational modifications on the lid subdomain can regulate
CHIP-mediated ubiquitination. Our results uncover a mode of
chaperone:cochaperone and TPR:binding partner interaction
that is necessary for CHIP to regulate intracellular protein quality
control.
RESULTS
CHIP-TPRDomain Interactswith the a-Lid Subdomain of
Hsp70/Hsc70
To better understand interactions between CHIP and Hsc70, we
systematically carried out heteronuclear single quantum coher-
ence (HSQC)-nuclear magnetic resonance (NMR) titrations of
15N-labeled Hsc70 domains with CHIP, and vice versa. Full-
length CHIP forms a 70 kDa dimer through its helical dimeriza-
tion and U-box domains (Nikolay et al., 2004; Zhang et al.,
2005). Unexpectedly, CHIP induced extensive line broadening
in the 1H-15N HSQC spectrum of a 15N-Hsc70-lid-tail construct
that lacked the C-terminal GPTIEEVD motif (Figures S1A and
S1B available online). In a complementary experiment, the
HSQC spectrum of the 15N-CHIP-TPR domain was broadened
by an Hsc70 construct that included the SBDb subdomain,
lid, and tail but lacked the C-terminal GPTIEEVD motif (Fig-
ure S1C). The corresponding construct with the GPTIEEVD
motif also broadened the HSQC spectrum of the 15N-CHIP-
TPR domain (Figures S1D and S1E), as expected based on
the known interaction between the GPTIEEVD motif and the
CHIP-TPR domain.
The Hsc70-lid-tail-DGPTIEEVD construct induced small but
definite chemical shift perturbations (CSPs) in the HSQC spec-
trum of 15N-CHIP-TPR and vice versa (Figures S1F and S1G).
By itself, an Hsc70-GPTIEEVD peptide strongly perturbed the
15N-CHIP-TPR spectrum in a manner indicating slow exchange
binding. However, addition of Hsc70-lid-tail-DGPTIEEVD to the
15N-TPR:14N-GPTIEEVD complex induced additional CSPs
(Figure S1H). Similar CSPs were observed upon titration of
15N-TPR with Hsc70-lid-tail (Figure S1I). These data suggest
that the CHIP-TPR domain interacts not only with the C-terminal
GPTIEEVD motif but also with the lid subdomain or portions of
the tail upstream of the motif.
Structure of the CHIP-TPR:Hsc70-Lid-Tail Complex
To characterize these interactions in greater detail, we cocrystal-
lized the CHIP-TPRwith a construct containing the Hsc70 lid and
tail, including the C-terminal GPTIEEVD motif. To aid crystalliza-
tion, we tested multiple Hsc70 constructs containing short dele-
tions within the Ser/Gly/Pro/Ala-rich segment of the tail (Hsc70
residues 612–638). We obtained cocrystals of CHIP-TPR in
complex with an Hsc70 lid-tail construct from which residuesStructure 23,626–638 were deleted (HsHsc70541–646D626–638). The resulting
2.91 A˚ resolution crystal structure (Figure 1; Table 1) contains
two copies each of CHIP-TPR and HsHsc70541–646D626–638 per
asymmetric unit (Figure S2A). The GPTIEEVD motifs and
Hsc70-lid subdomains are well defined in the electron density
map. However, most of the Hsc70-tail residues between the lid
and the C-terminal motifs are disordered. While both lid subdo-
mains pack against one of the TPRs, only one of these interac-
tions (Figure 1B) is compatible with the structure of full-length
CHIP (Figures S2B and S2C).
The interface between the lid and TPR domain buries480 A˚2
on the TPR domain, while the C-terminal PTIEEVD sequence
buries 460 A˚2. Side chains on the C-terminal helix of the
Hsc70-lid domain and the first few residues of the Hsc70-tail
(Figures 1B and 1C) contact the TPR domain. The lid helix inter-
acts with the N terminus of the first TPR helix and with the loop
between TPR helices 2 and 3. Hsc70 residues 612–616 turn
and interact with the interhelical loops between TPR helices 4–
5 and 6–7. The Hsc70-lid and proximal tail residues thus cap
one side of the TPR domain.
The Hsc70 PTIEEVD motif binds to the CHIP-TPR in a manner
very similar to a cocrystal structure of the CHIP-TPR domain with
a GPTIEEVD peptide (Protein Data Bank [PDB] ID 3Q49; Wang
et al., 2011), although P640 adopts a different orientation (Fig-
ure S3). While the Hsc70 residues between P618 and P640 are
largely disordered, the tail must extend away from the lid subdo-
main and double back to allow the GPTIEEVDmotif to bind to the
TPR domain. Remarkably, D646, the C-terminal residue of
Hsc70, also contacts the Hsc70-lid (Figure 1B). The side chain
of Hsc70-Y611 on the lid subdomain contributes to the carbox-
ylate clamp and interacts with D646, as do CHIP-TPR residues
K30, N34, and N65.
CHIP-TPR:Hsc70-Lid Interaction Regulates
CHIP-Mediated Ubiquitination
CHIP ubiquitinates not just clients bound to Hsp70/Hsc70 but
also Hsp70/Hsc70 themselves, targeting lysines in the SBDb or
lid subdomains (Kundrat and Regan, 2010a). Mutations of
CHIP-TPR residues that interact with the GPTIEEVD motif are
known to abolish the ubiquitination activity of CHIP towards
chaperones or chaperone-bound clients (He et al., 2004; Xu
et al., 2002). To test whether the interaction between the CHIP-
TPR and Hsc70-lid subdomain is also functionally important,
we measured ubiquitination of GST-tagged Hsc70 SBDb-lid-
tail (GST-Hsc70395–646) by CHIP and the E2 enzyme UbcH5b.
We used CHIP autoubiquitination (self-ubiquitination) reactions
to control for mutations that perturb the interaction between
CHIP and UbcH5b or that nonspecifically perturb CHIP-medi-
ated ubiquitination. CHIP mutations in the lid:TPR interface,
including Y62F and Q27G, reduced ubiquitination of the Hsc70
SBDb-lid-tail construct without affecting CHIP autoubiquitina-
tion (Figures 2A and 2B). Similarly, V59D and L129D mutations
very strongly reduced Hsc70 ubiquitination with only slight ef-
fects on CHIP autoubiquitination. CHIP S23E/S25E mutations,
lying outside either the lid-binding surface or the GPTIEEVD-
binding pocket, had no effect. Using in vitro pull-down assays,
we confirmed that the mutants retained interaction with the
GPTIEEVDmotif (Figure 2C). Therefore, the CHIP-TPRmutations
specifically lead to ubiquitination defects by perturbing the472–482, March 3, 2015 ª2015 Elsevier Ltd All rights reserved 473
Figure 1. Structure of the CHIP-TPR:Hsc70-Lid-Tail Complex
(A) Arrangement of domains within CHIP and Hsc70.
(B) Cartoon view of the Hsc70-lid-tail (Hsc70541–646D626–638) in complex with
the CHIP-TPR domain (CHIP21–154). Hsc70-lid-tail and CHIP-TPR domains are
colored orange and gray, respectively. Specific CHIP-TPR residues that
interact with Hsc70-lid, Hsc70-tail, or both domains are colored green, purple,
and yellow, respectively.
(C) Alignment of human, murine, and bovine Hsc70-lid-tail and Hsp70-lid-tail
sequences with secondary structure overlay. Lid and tail residues that interact
with the CHIP-TPR are colored orange. See also Figures S1–S3.
474 Structure 23, 472–482, March 3, 2015 ª2015 Elsevier Ltd All righHsc70-lid:CHIP-TPR interaction. To verify this further, we car-
ried out an HSQC-NMR titration of full-length 14N-CHIP-V59D/
L129D, which exhibits strong defects in substrate ubiquitination,
against 15N-Hsc70-lid-tail-DGPTIEEVD. CHIP-V59D/L129D had
no effect on the 15N-Hsc70-lid-tail-DGPTIEEVD HSQC spectrum
(Figure S4), confirming that the V59D/L129D mutations disrupt
the lid:TPR interaction.
We similarly tested mutations in the Hsc70 lid subdomain.
Mutation of TPR-interacting residues reduced or abolished
ubiquitination of GST-SBDb-lid-tail (Figure 3A). As previously re-
ported (Smith et al., 2013), deletion of the Hsc70-GPTIEEVD
motif nearly eliminated ubiquitination of the Hsc70 SBDb-lid-
tail. Deletion of most of the Hsc70-tail (residues 619–640) also
reduced ubiquitination. This is consistent with the notion that
the tail must be long enough to allow both the lid and the
GPTIEEVD sequence to interact with the CHIP-TPR domain. In
contrast, a shorter tail deletion (residues 626–638), which we
used to aid crystallization, had much less effect on ubiquitina-
tion (Figure 3A). In vitro pull-down assays (Figure 3B) confirmed
that the mutants did not eliminate the interaction between CHIP
and the Hsc70 SBDb-lid-tail but instead specifically decreased
ubiquitination.
We tested whether disruption of the CHIP-TPR:Hsc70-lid
interaction also altered ubiquitination of Hsp70/Hsc70-bound
clients and not just Hsp70/Hsc70. We carried out in vitro ubiqui-
tination reactions of heat-denatured luciferase, which is well es-
tablished as an in vitro Hsp70/Hsc70 client (Rosser et al., 2007;
Schlecht et al., 2011; Xu et al., 2008b) and CHIP substrate (Mur-
ata et al., 2001). CHIP mutations that reduced ubiquitination of
the Hsc70 SBDb-lid-tail construct also reduced ubiquitination
of Hsp70-bound luciferase (Figure 4A).
We next investigated the effect of perturbing the Hsc70-lid:
CHIP-TPR interaction on client ubiquitination and degradation
in an ex vivo context. Nitric oxide synthases (NOSs) are bona
fide Hsp70/Hsc70 clients and substrates for CHIP-mediated
ubiquitination (Chen et al., 2009; Peng et al., 2004). RAW264.7
macrophages were transfected with wild-type or mutant CHIP
expression constructs and treated with lipopolysaccharide
(LPS) and interferon-g (IFN-g) to induce expression of inducible
NOS (iNOS). After initial iNOS induction, expression of wild-
type CHIP reduced iNOS levels after 24 hr due to degradation
(Figure 4B). Expression of CHIP-I235A and -R272A mutations,
which disrupt the recruitment of E2 enzymes by CHIP (Xu
et al., 2008a; Zhang et al., 2005), led to persistent elevation of
iNOS and acted as dominant negatives, likely due to heterodime-
rization with native CHIP. CHIP-V59D/L129D behaved equiva-
lently to these loss-of-function CHIP mutants.
We also examined iNOS levels in HEK293 cells transfected
with GFPiNOS and wild-type or mutant CHIP constructs. Afterts reserved
Table 1. Data Collection and Refinement Statistics
CHIP21–154/Hsc70395–646D626–638
Complex
Data Collection
Beamline ALS 4.2.2
Wavelength (A˚) 1.0000
Space group P6122
a, b, c (A˚) 78.5, 78.5, 424.7
a, b, g () 90, 90, 90
Resolution (A˚)a 64.75–2.91 (3.01–2.91)
Rmeas
b 0.075 (0.639)
<I/sI> 30.9 (4.2)
Completeness (%) 97.8 (76.7)
Redundancy 12.1 (12.1)
Unique reflections 17,775
Refinement
Resolution (A˚) 64.75–2.91
Number of reflections 17,773
Rwork/Rfree 0.224/0.263
Number of atoms (protein/water) 3,507/52
Average B factors (protein/
water)
64.9/66.5
Root-mean-square deviation
Bond lengths (A˚) 0.010
Bond angles () 1.251
Ramachandran favored (%) 98.1 (410/420)
Ramachandran outliers (%) 0.0 (0/420)
Poor rotamers (%)c 0.0
Cb deviations >0.25 A˚c 0
Clash score 5.47
Clash percentile 100th percentile (N = 92, 2.91 A˚ ±
0.25 A˚)
MolProbity score 1.29
MolProbity score percentile 100th percentile (N = 3,658,
2.91 A˚ ± 0.25 A˚)
aValues in parentheses are for the highest resolution shell.
bThe merging R factor is defined as Rmerge =
P
hkl
P
i
IiðhklÞ  IðhklÞ

.
P
hkl
P
i
jIiðhklÞj.
cCalculated with MolProbity v4.1 (Chen et al., 2010).48 hr, GFPiNOS in cells transfected with wild-type CHIP
decreased in comparison with cells transfected with GFPiNOS
alone (Figures 4C–4E). In contrast, cotransfection with CHIP-
I235A or -R272A markedly increased the level of GFPiNOS (Fig-
ures 4C–4E), as did cotransfection with CHIP-V59D/L129D
(Figures 4C–4E). These data thus support the functional impor-
tance of the lid:TPR interaction for proper CHIP-mediated ubiq-
uitination and degradation of Hsp70/Hsc70 clients.
Regulation by Posttranslational Modification of Hsp70
Several studies have reported that the Hsp70/Hsc70-lid subdo-
main and tail are posttranslationally modified. T636 phosphory-
lation within the Hsp70 C-terminal GPTIEEVD motif decreases
affinity for CHIP and favors binding of Hop, a TPR-domain-con-Structure 23,taining cochaperone that links Hsp70/Hsc70 and Hsp90 (Muller
et al., 2013). Modeling of a phosphothreonine at the correspond-
ing position in our crystal structure suggests that the phosphate
group clashes with residues on the seventh helix of the TPR
domain (Figures S5A and S5B). Intriguingly, multiple proteomic
studies also identify Y611 as a phosphorylation site (Molina
et al., 2007; Ruse et al., 2008). Y611 is located on the Hsp70/
Hsc70 lid subdomain and interacts with the CHIP-TPR domain
and the carboxylate clamp (Figure 1). In agreement with our
structure, a phosphomimetic Y611E mutation disrupts ubiquiti-
nation of Hsc70 SBDb-lid-tail construct (Figures 5A and 5B).
Several lysine methyltransferases (KMTs), including SETD1A
(Cho et al., 2012) and METTL21A (Cloutier et al., 2013) meth-
ylate Hsp70/Hsc70-K561. METTL21A is a member of the novel
METTL21 family, whichmay solely target Hsp70 family members
(Jakobsson et al., 2013). Based on its location, we investigated
whether K561 methylation perturbs the lid:TPR interaction.
To mimic dimethylated K561, we used a K561R mutation, which
our structure suggests could perturb the docking of the Hsc70-
lid without disrupting the TPR:Hsc70-tail interaction (Figures
S5C–S5E). Compared with the wild-type GST-SBDb-lid-tail
construct, the K561R mutant indeed exhibited decreased ubiq-
uitination by CHIP (Figures 5A and 5B).
Modeling Full-Length Hsp70:CHIP:E2Ubiquitin
Complexes
To better understand how the lid-tail:TPR interaction fits into the
assemblies formed by Hsp70 and CHIP, we generated models
of Hsp70:CHIP:UbcH5bUbiquitin conjugate complexes. We
combined our new structure with recent structures of full-length
Hsp70 family members in ADP-bound or ATP-bound conforma-
tions (Bertelsen et al., 2009; Kityk et al., 2012), RING or U-box
domains complexed with E2ubiquitin conjugates (Dou et al.,
2012; Plechanovova´ et al., 2012; Pruneda et al., 2012) and our
previously determined structure of UbcH5b bound to the U-
box domain of CHIP (Xu et al., 2008a) (Figure 6). We utilized
the asymmetric crystal structure of the CHIP dimer (Zhang
et al., 2005), the only currently available structure of full-length
CHIP, although there is substantial evidence that CHIP is struc-
turally dynamic and adopts other conformations (Graf et al.,
2010; Qian et al., 2009; Xu et al., 2006). The asymmetric
CHIP dimer does not clash with the chaperone, regardless of
which of its TPR domains serves as the docking site for
Hsp70ADP or Hsp70ATP (Figure 6). However, CHIP and the bound
E2Ubiquitin conjugate are substantially closer (50–60 A˚) to
the substrate-binding groove of the Hsp70-SBDb subdomain
in Hsp70ADP compared with Hsp70ATP. In the latter, an extensive
reorientation of the lid subdomain places CHIP and the SBDb
subdomain (client-binding site) on opposite sides of the NBD.
These models, as well as the fact that Hsp70ADP exhibits
higher client affinity and slower client dissociation rate than
Hsp70ATP (Mayer and Bukau, 2005), support the notion that
CHIP-mediated ubiquitination of chaperone-bound clients is
highly favored in the Hsp70ADP conformation relative to the
Hsp70ATP conformation. Intriguingly, either Hsp40 (which accel-
erates ATP hydrolysis by Hsp70) or a mutation that traps Hsp70
in an ADP-bound conformation has been shown to increase
client ubiquitination (Kundrat and Regan, 2010a; Stankiewicz
et al., 2010).472–482, March 3, 2015 ª2015 Elsevier Ltd All rights reserved 475
Figure 2. Residues that Mediate CHIP-TPR:Hsc70-Lid Interactions Modulate CHIP-Mediated Ubiquitination
(A) Western blot with anti-GST antibody to detect ubiquitination of GST-Hsc70395–646 by wild-type (WT) and mutant CHIP1–303.
(B) Western blot with anti-CHIP antibody to detect autoubiquitination of wild-type (WT) and mutant CHIP1–303.
(C) Pull-down of GSTHsc70395–646 (GSTHsc70-SBDb-lid-tail) by wild-type (WT) and mutant His6-CHIP1–303 bound to Ni2+ mag-Sepharose beads analyzed by
SDS-PAGE with Coomassie staining. Lanes indicate GSTHsc70395–646 and CHIP1–303 components utilized (INPUT), the final wash fraction (Wash), and the
elution fraction (Elute). See also Figure S4.DISCUSSION
To date, the binding of the C-terminal motifs of Hsp70/Hsc70 or
Hsp90 to TPR domains from several distinct cochaperones
have been characterized. However, TPR domains are versatile
interaction platforms; some TPR domains bind helices and
globular domains rather than, or in addition to, peptide motifs
(Allan and Ratajczak, 2011; D’Andrea and Regan, 2003). For
example, TPR domains of CyP40, FKBP52, protein phospha-
tase 5 (PP5), and LGN exhibit intramolecular packing (Pan
et al., 2013; Taylor et al., 2001; Wu et al., 2004; Yang et al.,Figure 3. Hsc70 Residues that Mediate CHIP-TPR:Hsc70-Lid Interactio
(A) Western blot with anti-GST antibody to detect ubiquitination of wild-type (WT) a
type CHIP1–303.
(B) Pull-down of wild-type (WT) and mutant GSTHsc70395–646 constructs by wild
PAGEwith Coomassie staining. Lanes indicate the GSTHsc70395–646 and CHIP1
fraction (Elute).
476 Structure 23, 472–482, March 3, 2015 ª2015 Elsevier Ltd All righ2005). The PP5-TPR domain occludes the PP5-phosphatase
domain (Figure S6B); binding of the C-terminal motif of Hsp90
or Hsp70 to the PP5-TPR domain relieves this inhibition (Con-
narn et al., 2014; Yang et al., 2005). The TPR domain of the
neutrophil oxidase assembly subunit p67phox (which is not a
cochaperone) interacts with the small G protein Rac (Lapouge
et al., 2000). In this interaction (Figure S6C), an atypical
b-stranded hairpin insertion in the p67phox TPR domain forms
much of the Rac-binding surface, while the peptide-binding
groove engages in an intramolecular interaction with the C-ter-
minal tail of p67phox itself.ns Modulate CHIP-Mediated Ubiquitination
ndmutant GSTHsc70395–646 (GSTHsc70-SBDb-lid-tail) constructs by wild-
-type His6-CHIP1–303 bound to Ni
2+ mag-Sepharose beads analyzed by SDS-
–303 components utilized (INPUT), the final wash fraction (Wash), and the elution
ts reserved
Figure 4. CHIP-Mediated Chaperoned Ubiquitination In Vitro and Ex Vivo
(A) CHIP-mediated ubiquitination of firefly luciferase was monitored by western blot using an anti-luciferase antibody. Control reactions were carried out with all
reagents present except Hsp70, UbcH5b, or CHIP, respectively.
(B) iNOS expression, induced by LPS and IFN-g treatment, wasmonitored for 36 hr in Raw264.7macrophages transfectedwith wild-type CHIP andCHIPmutants
in which interactions between the U-box and E2 enzymes are disrupted (I235A, R272A) or the Hsp70-lid:TPR interaction is disrupted (V59D/L129D). Protein levels
were monitored by western blot with anti-iNOS, anti-CHIP, and anti-GAPDH (loading control).
(C) HEK293 cells were transfected with GFPiNOS and CHIP or CHIP mutants that disrupt E2:U-box interactions (I235A or R272A) or the Hsp70-lid:TPR interaction
(V59D/L129D). Cells were incubated for 48 hr prior to imaging.
(D) Cells from (C) were then collected, lysed, and analyzed by western blot with anti-GFP, anti-CHIP, and anti-b-actin (loading control).
(E) Western blots from (D) were repeated six times and band intensities were quantified. Data represent mean ± SD. *p < 0.05. **p < 0.01. ***p < 0.001.Our new structure showcases a novel configuration in which
a cochaperone TPR domain simultaneously engages two
portions of the Hsp70/Hsc70 chaperone. A detailed recent
study suggested that the PTIEEVD motif:TPR interaction con-Structure 23,tributes most of the binding energy between CHIP and Hsc70
(Smith et al., 2013). NMR relaxation data suggested that the
Hsp70 C-terminal tail is disordered and highly dynamic, poten-
tially leading Hsc70 and CHIP to behave purely as a tethered,472–482, March 3, 2015 ª2015 Elsevier Ltd All rights reserved 477
Figure 5. Posttranslational Modifications of
Hsc70 Residues Modulate CHIP-Mediated
Ubiquitination
(A) Western blot with anti-GST antibody to detect
ubiquitination of GSTHsc70395–646Y611E phos-
phomimic, GSTHsc70395–646K561R -dimethyl-
mimetic in comparison with wild-type (WT)
GSTHsc70395–646 by wild-type CHIP1–303.
(B) Pull-down of GSTHsc70395–646 Y611E
and K561R mutant constructs by wild-type
His6-CHIP1–303 bound to Ni
2+ mag-Sepharose
beads, analyzed by SDS-PAGE with Coomassie
staining. Lanes indicate the GSTHsc70395–646
and CHIP1–303 components utilized (INPUT), the
final wash fraction (Wash), and the elution fraction
(Elute). See also Figure S5.beads-on-a-string complex. However, these investigators also
found evidence for supplementary contacts between the
proteins. Importantly, the 60 nM affinity for the full-length
Hsc70:CHIP complex is reduced by an order of magnitude to
400 nM to 2 mMaffinity of CHIP for either the Hsp70-GPTIEEVD
peptide alone or for an Hsc70-Dtail-IEEVD construct (Kundrat
and Regan, 2010b; Smith et al., 2013). Our structure provides
an explanation for the missing affinity: modest but functionally
important interactions between the TPR domain and the lid sup-
plement the canonical TPR interactions with the chaperone
C-terminal motif.
A mass spectrometry study identified six CHIP-ubiquitinated
lysine residues on Hsp70, five of which are located within the
SBD (Kundrat and Regan, 2010a). Similarly, Kim et al. (2007)
found that CHIP ubiquitinates an Hsp70-bound client (heat-de-
natured luciferase) at very few lysines or possibly just one lysine
residue. These amount to a far smaller subset of Hsp70 or client
lysine residues than would be ubiquitinated given an unre-
strained interaction of Hsp70 and CHIP through the flexible
100-A˚-long Hsp70 tail. While the C-terminal GPTIEEVD motif
of Hsp70/Hsc70 provides a high-affinity CHIP binding site, these
studies also point to additional dynamic interactions that restrict
orientations of CHIP relative to Hsp70/Hsc70, in agreement with
the data of Smith et al. (2013) and with our new findings.
We could not directly measure the affinity of the lid:TPR inter-
action by NMR, although we estimate that it is substantially
weaker than 100 mM. This interaction likely occurs transiently
in the context of the tethered Hsc70:CHIP complex. In compar-
ison, affinities between Hsp70 and model substrates range be-
tween 100 nM and 10 mM, although bona fide clients likely
bind to Hsp70ADP with affinities at the lower (nanomolar) end of
this range (Greene et al., 1995; Maeda et al., 2007; Mayer
et al., 2000). Intrinsic lifetimes of Hsp70ADP:client complexes
are in the range of tens of minutes (Mayer et al., 2000; Stankie-
wicz et al., 2010), and the lifetime of Hsp70:CHIP complexes
lies in the range of minutes (Smith et al., 2013). CHIP may dock
and undock from the Hsp70/Hsc70 lid numerous times while re-
maining tethered via the chaperone C-terminal motif, before
client release and Hsp70 conformational changes are driven by478 Structure 23, 472–482, March 3, 2015 ª2015 Elsevier Ltd All righbinding of a nucleotide exchange factor (Mayer and Bukau,
2005).
Hsc70:CHIP affinity is stronger than the reported 1–3 mMaffin-
ity between CHIP and E2ubiquitin conjugates (Graf et al., 2010;
Zhang et al., 2005). While the association and dissociation
kinetics of conjugates from CHIP have not been measured,
lifetimes of other ubiquitin ligase:E2 complexes are reported to
be in the range of seconds with relatively rapid dissociation ki-
netics of 10–100 s1 (Kleiger et al., 2009). This suggests that
Hsp70:CHIP or Hsp70:client:CHIP complexes remain stably
associated while E2ubiquitin conjugates bind and dissociate
repeatedly.
In ubiquitination mediated by E3 ligases containing RING or
U-box domains, these domains recruit E2 enzymeubiquitin
conjugates for direct ubiquitin transfer to substrate lysines.
The RING/U-box domain holds the conjugate in a catalytically
competent conformation (Dou et al., 2012; Plechanovova´
et al., 2012; Pruneda et al., 2012), while other domains of the
ligase bind substrates or substrate adaptors. However, ubiquitin
transfer requires a productive encounter complex in which a
substrate lysine attacks the thioester bond between the ubiqui-
tin C terminus and the active-site cysteine of the E2 enzyme
(Dou et al., 2012). We suggest that the Hsc70-lid-tail:CHIP-
TPR interactions reduce the orientational freedom of CHIP:
E2ubiquitin relative to Hsp70/Hsc70 and increase the proba-
bility of such an encounter complex forming during the lifetime
of the Hsp70:CHIP:E2ubiquitin complex. The kinetic interplay
between docking of the CHIP-TPR onto the Hsp70/Hsc70 lid
and the recruitment of E2ubiquitin conjugates may thus play
a part in regulating the kinetics and efficiency of CHIP-mediated
ubiquitination.
In our models of Hsp70ADP:CHIP:E2ubiquitin conjugate
complexes (Figure 6) the conjugate thioester is 50–60 A˚ from
the peptide-binding site of the SBDb subdomain or from
in vitromappedCHIP ubiquitination sites onHsp70. An extended
client bound to the Hsp70-SBD could span this gap and thus
directly encounter the E2ubiquitin thioester. We used a crystal
structure of near-full-length (murine) CHIP in these models
(Zhang et al., 2005); in this structure, CHIP is an asymmetricts reserved
Figure 6. Models of Chaperoned Ubiquiti-
nation Complexes in ADP- and ATP-Bound
States
(A) A model of Hsp70, based on the structure of
ADP-bound E. coli DnaK (Bertelsen et al., 2009), is
fully compatible with binding to the TPR domain of
CHIP protomer with an occluded U-box. CHIP,
CHIP-TPR, UbcH5, Ubiquitin, Hsc70-Lid, Hsc70-
Tail, Hsc70-SBDb, and Hsc70-NBD are colored
white, gray, purple, green, orange, black, wheat,
and blue, respectively.
(B) ADP-bound Hsp70 is also compatible with
binding to TPR domain of CHIP protomer with
accessible U-box.
(C) A model of ATP-bound Hsp70, based on the
structure of DnaK in the ATP-bound form (Qi et al.,
2013), is compatible with binding to CHIP via the
TPR domain of the protomer with an occluded
U-box.
(D) The CHIP-TPR from a protomer with an
accessible U-box is also compatible with binding
to ATP-bound Hsp70.dimer with different relative positions of the TPR and U-box
domains in each protomer. However, several studies provided
evidence that CHIP adopts other conformations, and that CHIP
dynamics and conformational changes strongly influence ubiq-
uitination (Graf et al., 2010; Qian et al., 2009). The CHIP dimer
could alternate between asymmetric conformations (Qian
et al., 2009; Xu et al., 2006), modulating the distance between
TPR and U-box domains and allowing the Hsp70-SBD to
approach the E2Ubiquitin conjugate thioester more closely
than in our current models. Trapping and structurally elucidating
other conformations of CHIP will help to achieve a fuller under-
standing of the ubiquitination mechanisms of CHIP. However,
we note that dynamics and relative motion of substrate-binding
domains with respect to E2-binding domains are well known to
regulate ubiquitination by other E3 ubiquitin ligases, including
the HECT- and Cullin-RING-ligase superfamilies (Berndsen and
Wolberger, 2014; Lydeard et al., 2013).
Might the formation of functionally important bipartite or
secondary contacts be a more general feature of interactions
between chaperones and TPR-domain cochaperones? The co-
chaperone Hop acts as a bridge between Hsp70 and Hsp90
and mediates transfer of clients between the two chaperones
(Carrigan et al., 2004; Flom et al., 2007; Scheufler et al., 2000;
Wegele et al., 2006). Recent studies identified noncanonical
interactions between the Hop TPR domains and Hsp90
(Alvira et al., 2014; Scheufler et al., 2000; Schmid et al., 2012).
Of the three Hop TPR domains, TPR1 and TPR2b can interact
with the Hsp70 C-terminal motif, while TPR2a binds to theStructure 23, 472–482, March 3, 2015Hsp90 C-terminal motif. Upon binding
of TPR2a to the Hsp90 C-terminal
motif, the TPR2a and TPR2b appear to
engage in additional packing against
the middle and C-terminal domains of
Hsp90 (Schmid et al., 2012). Whether
CHIP also interacts with Hsp90 at sites
other than the Hsp90 C-terminal motif
is as yet unclear.A related question is whether other Hsp70-interacting TPR
domains engage Hsp70 through a bipartite interaction. Using
the Hsc70-lid-tail:CHIP-TPR complex as a template for Roset-
taDock (Chaudhury et al., 2011), we docked the Hsc70-lid
with TPR1 and TPR2B of Hop and with the sole TPR domain
of the cochaperone SGTA (Figure S6D–S6H). All three TPR
domains have substantial structural and sequence similarity
to the CHIP-TPR (Dutta and Tan, 2008; Scheufler et al.,
2000; Schmid et al., 2012). Lid interactions with these TPR
domains exhibit similar interface energies as with CHIP-TPR,
and the lowest-energy docking poses of the Hsc70 lid adopt
similar orientations. Interestingly, the putative binding mode
of Hop-TPR2b on the Hsp90 middle domain does not occlude
its GPTIEEVD-binding groove or the potential lid-binding
interface (Schmid et al., 2012). Simultaneous interaction of
TPR2b with the Hsp90 middle domain and the Hsp70 lid and
C-terminal motif would lead to compact association between
Hsp90 and Hsp70, potentially facilitating substrate transfer
from one chaperone to the other. Very recently, 23 A˚ resolution
electron microscopy structures of extended and compact
Hsp90:Hop:Hsp70 complexes (Alvira et al., 2014) suggested
the presence of general contacts between the Hsp70-lid and
Hop-TPR1 in the extended complex or Hop-TPR2b in the
compact complex. Functional and high-resolution structural
characterizations of potential bipartite interactions between
TPR domains of Hop or other cochaperones with Hsp70, or
bipartite CHIP interactions with Hsp90, await further investiga-
tion. These future studies may reveal unanticipated aspects ofª2015 Elsevier Ltd All rights reserved 479
how such cochaperones cooperate with and regulate their
partner chaperones.EXPERIMENTAL PROCEDURES
Vector construction, protein expression, and purification are described in the
Supplemental Experimental Procedures.
Crystallization, X-Ray Data Collection, and Processing
A mixture of 2 mM HsCHIP21–154 (CHIP-TPR) and 2 mM HsHsc70541–646
D626–638 (Hsc70-lid-tail) was used to grow crystals by hanging drop vapor diffu-
sion at room temperature against a well solution of 0.1 M HEPES (pH 7.0) and
1.7 M ammonium citrate. Crystals grew from hanging dropmixtures of 0.5 ml of
protein buffer and 0.5 ml of crystallization solution, appearing overnight and
growing to full size within 1 week. Crystals were cryoprotected by brief transfer
through LV CryoOil (MiTeGen) and flash-frozen in liquid nitrogen. X-Ray
diffraction data were integrated and scaled using XDS (Kabsch, 2010) and
SCALA (Evans, 2006).
Structure Determination and Refinement
Structures of CHIP-TPR (PDB code 2C2L, residues 21–154; Zhang et al., 2005)
and Hsp70-lid (PDB code 3LOF, residues 541–610) were used as molecular
replacement search models in PHASER (McCoy et al., 2007). CHIP-TPR and
Hsc70-lid chains were rebuilt with RESOLVE (Terwilliger, 2003). Iterative
refinement and model building were conducted with PHENIX (Adams et al.,
2010) and Coot (Emsley et al., 2010).
Ubiquitination Assays
E1/E2Ubiquitin reaction mixtures were precharged by incubating 40 mM
UbcH5b, 100 mMUbiquitin, and 0.5 mME1 for 30 min at 37C in 50 mMHEPES
(pH 7.0), 50 mM NaCl, 20 mM ATP, 40 mM MgCl2, and 0.5 mM dithiothreitol
(DTT). Ubiquitination of Hsc70 substrate-binding domain-tail construct used
precharged E1/E2Ubiquitin reaction mixture added to a solution of 4 mM
GST-Hsc70395–646 and 4 mM CHIP in 50 mM NaCl, 50 mM HEPES (pH 7.0).
CHIP autoubiquitination utilized precharged E1/E2Ubiquitin reaction mixture
added to 4 mM CHIP in 50 mM NaCl, 50 mM HEPES (pH 7.0), 0.5 mM DTT.
Ubiquitination reactions were incubated at 37C and stopped at specified
time points by addition of 2x SDS sample buffer containing 20 mM DTT and
50 mM EDTA. Quenched reactions were subjected to SDS-PAGE and western
blotting with near-infrared detection using anti-CHIP or anti-GST primary anti-
bodies and IRDye-labeled secondary antibodies (LI-COR).
Cell Culture Assays: Regulation of iNOS Levels by CHIP
RAW264.7 (RAW) cells (ATCC) were cultured as previously described (Chakra-
varti and Stuehr, 2012). Cells were transfected with 4 mg of myc-tagged
pCDNA3-CHIP or empty pCDNA3 expression vector using Lipofectamine
(Life Technologies) and incubated for 24 hr at 37C and 5%CO2 in a humidified
incubator. Cells were activated by 25 mM LPS (Sigma) and 10 units/ml of IFN-g
(Pepro-Tech) at 37C and 5% CO2 in a humidified incubator for defined time
periods. The cells were lysed and supernatants were prepared as described
before (Chakravarti et al., 2010). Fifty micrograms of total protein per superna-
tant was separated by SDS-PAGE, and western blotting was performed using
antibody against iNOS (BD Transduction Laboratories), CHIP (Sigma), or
GAPDH (Fitzgerald).
HEK293 cells were cultured as described previously (Scaglione et al.,
2011). Cells were transfected using Lipofectamine-2000 (Invitrogen). Fluores-
cent images of transfected HEK293 cells, imaged at 20x magnification, were
acquired using an FL Auto Cell Imaging System (EVOS). HEK293 cells for
western blotting were lysed at 95C in Laemmli buffer for 4 min, sonicated,
and loaded on SDS-PAGE gels. Western blots utilized anti-CHIP, anti-GFP,
or anti-b-actin and near-infrared detection with IRDye-labeled secondary
antibodies (LI-COR) imaged using an Odyssey Fc Imager (LI-COR). For
semiquantification, images were collected at below saturation levels and
quantified with Image Studio (LI-COR). Background was subtracted equally
among lanes. Student’s t test was used for statistical analyses using Prism
(Graphpad).480 Structure 23, 472–482, March 3, 2015 ª2015 Elsevier Ltd All righACCESSION NUMBERS
The structural coordinates of the CHIP-TPR:Hsc70-lid-tail complex were
deposited in the PDB under the ID code 4KBQ.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at http://dx.doi.org/
10.1016/j.str.2015.01.003.
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